Deficit irrigation systems have been considered as practical strategies to overcome shortage of irrigation water in arid and semiarid regions. To assess the response of grain sorghum [Sorghum bicolor (L.) Moench] to deficit irrigation and whether arbuscular mycorrhizal fungi (AMF) can moderate drought stress influence on grain yield, a 2-yr field experiment was conducted using split-split lay out on a randomized complete block (RCB) design. Irrigation (full and deficit) was assigned to the main plots. Subplots were allocated to two genotypes (Kimiya and Speedeh) and P sources viz: no fertilizer, sole chemical P fertilizer, seed inoculation with AMF and combined fertilizer (50% of the chemical P fertilizer + AMF) were assigned to the sub-subplots. Results indicated that deficit irrigation reduced grain yield of Kimia and Speedeh by 16 and 26%, respectively, while improving their irrigation water use efficiency (IWUE). Grain yield adjustment by sorghum to water stress was mainly through reducing the number of grains per panicle rather than grain mass. Application of all forms of P fertilizer improved grain yield of sorghum; however, under drought stress, plants were more responsive to combined fertilizer and used irrigation water more efficiently. The root colonization percentage was greater in Kimiya than Speedeh under full and deficit irrigation, however, both genotypes showed a lower degree of root colonization under drought conditions. Application of combined fertilizer could be considered as an alternative to chemical P fertilizer when irrigation water is limited.
Abbreviations: AMF, arbuscular mycorrhizal fungi; HI, harvest index; IR N , normal irrigation; IR S , deficit irrigation; IWUE, irrigation water use efficiency; KI, Kimia genotype; P 100 , 100% of the required chemical phosphorus fertilizer; P 50 , 50% of the required chemical phosphorus fertilizer; SE, Speedeh genotype.
Drought is the single most important abiotic stress that limits crop production in arid and semiarid areas (Zhang et al., 2006) . Deficit irrigation systems have been considered to maximize water use efficiency and achieve higher yields per unit of irrigation water applied (Farre and Faci, 2006; Zhang et al., 2006) . In these systems, the crop is exposed to a certain level of water stress either during a particular period or throughout the whole growing season (Bekele and Tilahun, 2007) . The final yield of the crops may be negatively affected by this strategy, the severity of which depends on the timing of induced water stress (Kirda and Kanber, 1999) .
The majority of documented research studies on impact of deficit irrigation on various crops has resulted in valuable findings, however; the number of practical strategies that can be implemented by farmers is limited. Applicability of recommended methods that can be implemented by farmers would have significant incentives for growers while conserving limited water resources in arid and semiarid regions.
Sorghum is becoming an increasingly important feed in many regions of the world. Influence of deficit irrigation regimes on different sorghum genotypes has been studied by several researchers (Jahanzad et al., 2013; Farre and Faci, 2006; Singh and Singh, 1995) . The results of these studies have proven high resistance of sorghum to drought thereby suggesting suitability for cultivation in arid and semiarid areas (Tolk et al., 2013; Farre and Faci, 2006) .
Phosphorus is a major essential nutrient for plant growth and development. Under drought stress, plants generally suffer from inadequate P uptake from soil. Application of P fertilizer in this condition not only provides adequate P to plants, but also improves the tolerance of plant to drought through different mechanisms. For example, by enhancing growth of the plant root system, P fertility leads to a greater volume of soil explored for water (Wu et al., 2013) and increases potential root hydraulic conductance (Singh and Sale, 2000) . However, between 75 and 90% of P applied as chemical fertilizer is unavailable to the plants due to the formation of Fe, Al, and Ca complexes (Turan et al., 2006) . Inoculation of crop seeds by arbuscular mycorrhizal fungi (AMF) has been shown to improve P acquisition by plants (Al-Karaki et al., 2004; Fagbola et al., 2001) . Arbuscular mycorrhizal fungi increase P availability by enhancing acid formation in the soil which dissolves more primary P-containing minerals (Gholamhoseini et al., 2013) . In addition, mycorrhizal symbiosis may improve host plant's tolerance to drought stress and protect it from detrimental effects of drought (Celebi et al., 2010 ; Subrain mycorrhizal plants has been attributed to the direct effect of mycorrhizae on enhancement of water supply by the extensive hyphal system that allows plants to explore more soil volume (Augé, 2001 ) as well as from indirect mycorrhizal effects, such as an improved uptake of P and other nutrients (Fagbola et al., 2001) , hormonal regulation of stomata, and improved osmotic adjustment (Wu et al., 2008) . Increased drought tolerance resulting from mycorrhizal symbiosis has been reported for sorghum (Cho et al., 2006) , maize (Zea mays L.) (Subramanian et al., 2006; Celebi et al., 2010) , sunflower (Helianthus annuus L.) (Gholamhoseini et al., 2013) , and wheat (Triticum aestivum L.) (Al-Karaki et al., 2004) .
Limited information is available regarding the effect of AMF on growth and yield of grain sorghum, especially under drought conditions. The objectives of this study were to (i) determine the growth characteristics and yield response of grain sorghum to deficit irrigation and (ii) determine whether inoculating sorghum seeds with AMF can substitute in part for the use of chemical P fertilizer in moderating the adverse effects of drought stress and plant nutrition inadequacy.
MAtErIALS AND MEtHODS
Site Description A 2-yr (2010 and 2011) experiment was conducted at the Research Farm of the College of Agriculture and Natural Resources, University of Tehran, Karaj, Iran (35°56¢ N, 50°58¢ E). The climate type of this site is considered as arid to semiarid with long-term (50-yr) air temperature of 13.5°C, soil temperature of 14.5°C, and 262 mm of rainfall. The weather condition at the experimental site during the two growing seasons is shown in Table 1 .
Soil at the site is classified as a Typic Haplocambid (Mirkhani et al., 2010) in the USDA classification (Soil Survey Staff, 1999) . Before planting, soil samples were taken from 0-to 30-cm depth and analyzed for selected physical and chemical properties including soil texture, pH, electrical conductivity (EC), organic matter, total N, available P, and available K. Soil texture was determined using the hydrometer method. The soil pH and EC were measured by pH meter and EC meter, respectively, in 1:2.5 soil-water suspension (Rhoades, 1996) . Total organic matter was determined by the wet-digestion method (Walkley and Black, 1934) and nitrogen was measured by the Kjeldahl method (Bremner and Mulvaney, 1982) . Available P was measured by the method of Olsen et al. (1954) and available K was determined by flame photometer. The soil characteristics of the experimental site are presented in Table 2 .
Experimental Details
The design of the experiment was split-split plot based on a RCB design with two levels of irrigation, two grain sorghum genotypes, and four types of P fertilizer.
Main plots were allocated to irrigation regimes comprised of normal irrigation (IR N ) and deficit irrigation (IR S ). Subplots consisted of grain sorghum genotypes viz. Kimiya (KI) and Speedeh (SE) which are commonly cultivated in the area. Sub-subplots were assigned to P fertilizers comprised of control (no P fertilizer) (P 0 ), sole chemical P fertilizer (based on soil test results and plant requirements) (P 100 ), sole biological fertilizer (seed inoculated with AMF [Glomus intraradices]), and combined fertilizer (50% chemical P fertilizer + seed inoculated by Glomus intraradices [P 50 + AMF]).
Irrigation
In both years, all experimental plots were irrigated normally until plants reached full establishment (three to four leaf stage). Times of irrigation in the IR N regime were scheduled based on the common practice in the area, which consists of irrigating at 8 to 10 d intervals. In contrast, the timing of the IR S regime was scheduled based on key phenological stages of growth considered to be sensitive to drought stress (Table 3) .
Before irrigation, the soil profile was sampled to the 80-cm depth in 20-cm increments using a 10-cm diam. soil core sampler. Soil water retention curves were determined using pressure plates by the method of Klute (1998) . Accordingly, the volumetric soil water content at field capacity (q F.C ) was 0.24, 0.24, 0.22, and 0.21 m 3 m -3 for depth increments of 0 to 20, 20 to 40, 40 to 60, and 60 to 80 cm, respectively. Also permanent wilting point was measured and was 0.12, 0.11, 0.10 and 0.10 m 3 m -3 in the above mentioned depths. The difference between field capacity and permanent wilting point was considered as the soil available water content. At the time of irrigation, volumetric soil water content at a rooting depth was determined (q i ) thereby; depletion percent of available soil water in the root zone was estimated. The amount of required irrigation water which was needed to bring the soil water content back to the field capacity point was calculated using the following equation (Cuenca, 1989) :
where V w is the volume of water used at each irrigation (m 3 ), D is the effective vertical rooting depth (m), and A is the plot surface area (m 2 ). A water flow meter was used for accurate and uniform Table 1 . Monthly relative humidity, evaporation, precipitation, and mean air temperature during 2010 and 2011 growing seasons. Evaporation  Relative humidity  Month  2011  2010  2011  2010  2011  2010  2011  2010 - Table 2 . General properties of the soil of the experimental site (depth of 0-30 cm). irrigation. The total amount of irrigation water used during the plant life cycle were 6848 and 3852 m 3 ha -1 during the first year, and 7510 and 4280 m 3 ha -1 during the second year for IR N and IR S regimes, respectively.
Mean air temperature Precipitation
---°C ---- ------------mm ------------- -----% ----Year Soil texture OM † pH EC Total N Available P Available K % ds m -1 % -------mg kg -1 ------
Agronomy
Seed bed preparation included moldboard plowing in preceding autumn to a depth of 20 to 25 cm and two perpendicular light disking operations in spring before planting. After seed bed preparation, the experimental site was divided into 48 plots. Individual plot size was 3 m wide and 5 m long. Both genotypes were planted on 2 June 2010 and 17 June 2011 by hand at a soil depth of approximately 2 cm. The distance between planting rows was 50 cm and the distance between plants within a row was initially 5 cm which later thinned to 10 cm when plants were fully established. Thus, the final plant density was 20 plants m -2 . To avoid runoff from each plot after irrigation, both ends of each row was blocked by soil. A border of 2 m between adjacent plots in each replication and 5 m between replicates was established to prevent spillover of drainage water from other plots.
Nutrients were used based on soil test results and recommendation for grain sorghum production in the area (Almodares et al., 2008) . The 50 kg ha -1 granular urea (46% N) was broadcast to the entire experimental unit before disking. All plots received another 100 kg ha -1 urea when crops reached 30 to 40 cm height and 50 kg ha -1 urea at flowering both applied between the rows by hand. Plots in the P 100 treatment received 50 kg ha -1 P 2 O 5 in the form of triple superphosphate (45% P 2 O 5 ), which was applied manually in a band 5 cm away from the planting rows. Only 25 kg ha -1 P 2 O 5 was applied to (P 50 +AMF) treatment plots. The inoculum of Glomus intraradices consisted of AM propagules uniformly mixed into the apatite prepared by Soil and Water Research Institute of Iran. Immediately after inoculation, seeds were planted.
Measurements
At flowering, 10 plants from each plot were randomly selected and carefully uprooted. Representative samples of the root system in each plot were carefully rinsed, cleaned, and stained with Trypan blue (0.05%). The AMF root colonization in the samples was quantified using the grid line intersect method (Giovannetti and Mosse, 1980) . At physiological maturity (three-fourths of panicle dry), plants in an area of 2 m 2 from central rows in each plot, were hand harvested on 18 Sept. 2010 and 26 Sept. 2011. After harvesting, plants were dried for 72 h at 60°C in a forced-air oven to measure dry biological yield. The panicles then separated from the stover and threshed with a mini thresher and cleaned with a blower. Before threshing, 10 panicles from each plot were randomly selected and the number of grains panicle -1 was determined. After threshing, grains of each plot were thoroughly mixed and 1000 seed was counted and weighted. Worth noting, the genotypes used in this study are single panicle with no tiller and are improved by Iran Seed and Plant Improvement Institution.
Irrigation water use efficiency (kg m -3 ) was calculated as grain yield (kg ha -1 ) divided by the volume of irrigation water used (m 3 ha -1 ) and harvest index (HI) was calculated as the ratio of grain yield (kg ha -1 ) to total aboveground biomass (kg ha -1 ).
Statistical Analysis
For statistical analyses an ANOVA technique for split-split-plot design was performed using Proc GLM procedure of SAS. Mean comparison was implemented using LSD test at the 95% level of probability. All differences reported are significant at P ≤ 0.05 unless otherwise stated.
rESULtS AND DIScUSSION Grain Yield, Yield components, and Harvest Index
Averaged across treatments, sorghum grain yield was greater in 2010 than in 2011 (6537 and 6052 kg ha -1 , Table 4), which may be attributed to the earlier planting of sorghum in 2010 compared with 2011. Plants in 2011 were sown almost 2 wk earlier and had a longer growing period than those planted in 2010. Moreover, the growing season in 2010 experienced greater relative humidity, more precipitation, and cooler air temperature than in 2011 (Table 1) .
Average grain yield in both years was in the range of grain sorghum yield reported by O'Shaughnessy et al. (2012), Farre and Faci (2006) , and Hammer and Broad (2003) for different levels of watering treatments. Deficit irrigation caused a significant grain yield reduction in both genotypes in 2010 and 2011 (Table 4) . Kimiya outyielded SE in grain production by 8 and 23% in IR N and IR S (Table 4) indicating that SE was more sensitive to drought compared with KI, grain yield reduction of KI was16% whereas it was 26% for SE.
Analysis of grain yield components indicated that grain yield adjustment by sorghum to water stress was primarily through number of grains panicle -1 which is supported by findings in earlier reports (Tolk et al., 2013; Peltonen-Sainio et al., 2007) . Number of grains panicle -1 was significantly greater in SE compared Physiological maturity (Black layer) Table 4 . Grain yield, grain number panicle -1 , grain mass, harvest index (HI), root colonization percentage, and irrigation water use efficiency (IWUE) of two grain sorghum genotypes as influenced by irrigation regimes (averaged across fertilizers). with KI (1635 vs. 1505) when full irrigation was implemented (Table 4) . Deficit irrigation caused a significant reduction in the number of grains panicle -1 in both genotypes but with more severity in SE (11 vs. 25%), which exacerbated the difference of grains panicle -1 between the two genotypes ( Table 5 ). The average grain mass reduction in KI and SE due to deficit irrigation was only 7 and 3% ( (Table 4) . Among yield components of grain sorghum, number of grains panicle -1 was more susceptible to deficit irrigation than grain mass. Burke et al. (2010) reported that grain sorghum shows two types of responses to drought stress: (i) reduction in grain number when stress is imposed between panicle differentiation and flowering and (ii) reduction in grain mass when water stress occurs after anthesis. Due to the significant decrease in grain number of SE under deficit irrigation, sufficient assimilate was likely available and distributed among the remaining seeds; therefore, the reduction in grain mass of this genotype was not notable. Variation in the extent of reduction in grain number in response to drought stress is a reflection of the degree to which a genotype responds to environmental stress during grain setting (Van Oosterm and Hammer, 2008) .
IWUE
The results of the current study clearly indicated that SE was considerably more conservative compared with KI which ultimately resulted in significantly fewer grain number panicle -1 under IR S . The lower rate of grain abortion in KI due to water stress resulted in higher grain number panicle -1 and therefore less assimilate was available to individual grains. Yang et al. (2010) stated that potential grain size is to a great extent under genetic control. It seems that SE does not have the genetic potential to compensate its grain mass even when its grain number is reduced.
As mentioned above, sorghum grain yield is strongly correlated with grain number (Tolk et al., 2013; Peltonen-Sainio et al., 2007) . However, the findings of this study revealed that the higher number of grains may not necessarily be translated to higher yield. Higher number of grain panicle -1 may result in higher yield only if sufficient assimilate is available to fill the grains, which was not the case with SE in this study.
Sorghum responses to Phosphorus Fertilizers
In both years, under IR N the application of sole chemical P fertilizer (P 100 ) resulted in the highest grain yield (8188 kg ha -1 ), grain numbers panicle -1 (1731) and grain mass (29.5 mg) followed by combined fertilizer (P 50 + AMF) ( Table 5 ). Once deficit irrigation was imposed, the application of P 50 + AMF and sole biological fertilizer (AMF) resulted in higher grain yield (6332 kg ha -1 and 5954 kg ha -1 ), grain number panicle -1 (1390 and 1363) and grain mass (28.4 and 27.1 mg), respectively, compared with application of P 100 (Table 5 ). Both genotypes responded similarly to the applied fertilizers (Table 6) .
Regardless of the source, P fertilizer improved grain yield and yield components of grain sorghum (Table 5) . However, when plants were under drought stress (IR S ), they responded better to combined fertilizer than chemical fertilizer and AMF symbiosis improved plant tolerance to drought stress (Table 5 ). An improved drought tolerance in mycorrhizal plants could be attributed to the Table 6 . Grain yield, grain number panicle -1 , grain mass, harvest index (HI), Root colonization percentage and irrigation water use efficiency (IWUE) of two grain sorghum genotypes as influenced by different phosphorus fertilizers (averaged across irrigation regimes). direct effect of AMF on increased water supply by fungal hyphael system (Augé, 2001) as well as indirect mycorrhizal effects, such as an improved nutrient uptake (Fagbola et al., 2001 ) and a better osmotic adjustment in these plants due to hormonal regulation of stomata (Wu et al., 2008) . However, improved P uptake by AMF during the periods of water deficit has been postulated as the primary mechanism for enhancing host plant tolerance to drought (Subramanian et al., 2006) . As mentioned earlier, greater P uptake by mycorrhizal plants could be due to an extensive hyphal system of the fungus that allows plants to explore more soil volume. Gholamhoseini et al. (2013) also stated that increased microbial biomass in rhizosphere resulted in released CO 2 from microbial respiration and forming H 2 CO 3 in the soil solution. Acid formation in the soil dissolves more primary P-containing minerals, thereby increasing P availability. Among the two genotypes used in this study, KI showed higher HI compared with SE (Table 4) . Deficit irrigation did not influence HI of both genotypes indicating that assimilate partitioning in plant organs was not influenced by reducing irrigation water (Table 4) . Similarly, Farre and Faci (2006) reported a range of moderate deficit irrigation treatments where HI of grain sorghum was remained unaffected.
IWUE
In both years of the experiment, under IR N , application of P 100 significantly improved HI whereas under deficit irrigation regime, application of P 50 + AMF in 2010 and P 100 and P 50 + AMF in 2011 resulted in the highest HI (Table 5) .
Phosphorus after N is the most important nutrient that limits plants growth and development. The results obtained in this study revealed that application of AMF not only compensated as much as 50% of grain sorghum P requirement, but also improved the plant's drought tolerance which in turn improved the efficiency of deficit irrigation. Reduction in chemical P fertilizer and saving in irrigation water, have important economic and ecologic values and enhances the sustainability of the farming systems in arid and semiarid areas.
root colonization
Regardless of irrigation treatment, root colonization percentage was very low in P 0 and P 100 , however, seed inoculation with AMF highly improved the degree of root colonization (Table 5) . Also, root colonization of both genotypes decreased under drought condition. The adverse effect of drought stress on root colonization has been reported in other crops including wheat (Al-Karaki et al., 2004) and tomato (Lycopersicon esculentum Mill.) (Subramanian et al., 2006) . Under drought stress, stomata are closed or partially closed to conserve water which limits photosynthesis. This results in lower amount of root exudates which in turn reduces mycorrhizal root colonization (Fagbola et al., 2001) . Moreover, water shortage in the soil can reduce and/or delay AMF spore germination and thereby mycorrhiza development which ultimately results in less activity of mycorrhiza in a dry soil (Al-Karaki et al., 2004) .
Root colonization degree in KI was significantly greater than SE in IR N and IR S (Table 4) . As discussed above, KI outyielded SE under both irrigation regimes and its yield reduction as a result of deficit irrigation was less than SE. This could be justified in part by KI greater root colonization under stressed condition.
Irrigation Water Use Efficacy
The average IWUE in 2010 was significantly greater than IWUE in 2011 which was primarily due to higher yield obtained in 2010 (Table 4) . As described above, the weather of the experimental site was less favorable in 2011 than 2010 and date of planting was later in 2011 than 2010. These factors could explain the variation of sorghum growth and yield in the 2 yr. The values of IWUE recorded for grain sorghum in the present study were less than the values of 1.46 kg m -3 reported by Farre and Faci (2006) and 1.42 kg m -3 by Tolk and Howell (2003) . This difference might be related to different climatic conditions, sorghum genotypes, and soil characteristics in these experiments. The soil of the experimental site in this study had a lower degree of fertility and overall productivity compared with the above mentioned reports.
When deficit irrigation was implemented, IWUE of both genotypes improved (Table 4) . Documented reports on IWUE response to deficit irrigation are not consistent and in many cases are controversial. While reduction in IWUE of grain sorghum as a result of severe deficit irrigation has been reported (Farre and Faci, 2006) , some studies have shown an increase in IWUE under deficit irrigation conditions (O'Shaughnessy et al., 2012) . The effect of deficit irrigation on IWUE depends on the degree of stress severity, crop genotype, and crop developmental stage at the time when water stress is imposed. Under the weather conditions of this study, IWUE of both genotypes responded positively to deficit irrigation which could be related to the time that water deficit was imposed. The strategy used to implement deficit irrigation resulted in an average 40% savings in irrigation water while reducing grain yield by 17 and 24% in KI and SE compared with full irrigation (IR N ). This clearly shows the capacity of the implemented deficit irrigation to improve IWUE for grain sorghum production in the targeted area. Between two genotypes, KI was more efficient in utilization of irrigation water compared with SE under both irrigation regimes (Table 4) .
In 2010, under IR N , application of P 100 resulted in the highest IWUE (Table 5) . However, when deficit irrigation was induced, the highest IWUE was achieved when combined (P 50 + AMF) and biological fertilizer (AMF) were used (Table 5) . A similar trend was observed in 2011 with the exception of no significant difference between P 100 and P 50 + AMF under normal irrigation condition. As mentioned earlier, the soil of the experimental site in this study was P deficient (Table 3) . Application of P fertilizer, either in the form of chemical or combined with AMF, enhanced sorghum yield and thus, resulted in improved IWUE. However, when deficit irrigation was induced, the mycorrhizal plants produced higher grain yield and showed greater IWUE compared with non-mycorrhizal plants which again could be attributed to improved water relations resulting from hyphal uptake of P and water (Al-Karaki et al., 2004) .
cONcLUSION
Introducing practical methods for improving yield of grain sorghum and efficient use of limited available water for irrigation in arid and semiarid areas can enhance the sustainability of feed production in these areas. In this study, deficit irrigation was scheduled based on sensitivity of phenological stages of sorghum to drought stress. The deficit irrigation regime enhanced IWUE by saving almost 41% of the irrigation water, while the grain yield reduction ranged between 17 and 24%. This clearly shows the capacity of the implemented deficit irrigation to improve IWUE in grain sorghum production. However, economic analysis is required to evaluate whether this strategy can improve farmers' net income. In this study, sorghum grain yield reduction was primarily due to the fewer grain numbers panicle -1 under drought stress.
All forms of P fertilizer improved grain yield, however; when plants were under drought stress, they were more responsive to combined fertilizer than chemical fertilizer. Application of AMF in combination with 50% of the chemical P fertilizer (combined fertilizer) enhanced grain sorghum yield under water deficit regime.
The results obtained in this study revealed that application of AMF not only can compensate some of the required P fertilizer (50% in this study), but also improve grain sorghum drought tolerance which in turn can improve the efficiency of implemented deficit irrigation regime. It was concluded that with the application of deficit irrigation and combined fertilizer, it is possible to obtain a reasonable grain sorghum yield while saving considerable amount of irrigation water. Reduction in application of chemical P fertilizer and conserving irrigation water are important issues to the sustainability of farming systems in arid and semiarid areas. 
